infection [33] . However, Castellani et al. [5] do not support the concept that cold exposure depresses immune function. Jansky et al. [16] have suggested that improvements in cold tolerance may actually be based on enhanced activity of the immune system. During moderate exercise, several positive changes occur in the immune system [26] , and acute bouts of endurance exercise lead to transient but significant changes in immunity and host defence [28] .
The effects of cold acclimation on immune changes during exercise in cold conditions are not well understood because it is often difficult to separate the effects of exercise from cold exposure per se. Longterm adaptation to cold conditions affects neuroendocrine function, as well as neuro-immunomodulatory properties. We hypothesized that cold acclimation would alter the magnitude of physiological responses and stimulatory responses of circulating immune cells following exercise in cold conditions. To test this hypothesis, we compared physiological and immunological responses both at rest and in response to exercise in cold and thermoneutral conditions in cold-acclimatized and non-acclimatized skaters.
MATERIALS AND METHODS
Subjects. The participants were young male skaters participating at a recreational level in either short track (cold-acclimatized group) (n=9) or inline skating (non-acclimatized group) (n=10). All participants had been skating three days per week for at least one year.
Short track skaters of the cold-acclimatized group performed 2 hours of skating per day in cold conditions (ambient temperature: 5±1°C), whereas inline skaters of the non-acclimatized group performed 2 hours of skating per day in thermoneutral conditions (ambient temperature: 21±1°C). These participants were regarded as moderate trained individuals. The characteristics of the skaters are shown in Table 1 . There were no significant differences between the groups in cardiopulmonary endurance capacity or body composition.
The study protocol was approved by the Institutional Review Board of Keimyung University. Informed consent was obtained from all study participants.
Exercise testing
In preliminary testing, a graded maximal exercise test was used in thermoneutral conditions to determine · VO 2 max. Skaters started cycling at 60 rpm at 0.5 kp for 2 min. Thereafter, the intensity increased 0.5 kp every 2 min until the skaters were exhausted. Once · VO 2 max was established, all skaters cycled for 60 min at 65% · VO 2 max in cold (ambient temperature: 5±1°C, relative humidity 41±9%) and thermoneutral conditions (ambient temperature: 21±1°C, relative humidity 35±5%). To minimize the effects of circadian rhythm, all exercise bouts including preliminary testing were performed between 2:00 and 8:00 pm, and at the same time of day for each trial in the cool season. Trials were separated by 1 week to ensure complete recovery between trials, and were randomized in a counterbalanced order, with each subject serving as his own control. Except for the last 48 hours before each trial, when exercise was regulated by the study protocol, the skaters completed their regular training programme and usual daily activity without any interruption during the study period. During each trial, the skaters were served their usual meals, but they did not consume any food within 2 hours before exercise testing. Physiological variables were measured at rest before and after 1 hour of bed rest preceding exercise. We included measurements under resting conditions before exercise, so that we could separate the effects of ambient temperature from the effects of exercise. A flexible intravenous catheter (Venflon 1.2, BOC health care, Helsing, Sweden) was inserted for blood collection. After the first blood sample was drawn at rest, the skaters rested in bed for 60 min (Figure 1 ). The same clothing was worn in each exercise testing session; they wore three layers of clothes during rest or one layer during exercise. The skaters were permitted to drink a maximum of 300 mL of tap water during exercise testing.
Physiological variables
For the comparison of basic physiological responses, heart rate, blood lactate, and tympanic temperature were measured at the following times ( Figure 1 Costill [11] .
Statistical analyses
Values are reported as the mean ± standard error (SE). All statistical analyses were performed using SPSS for Windows (Version 13.0).
Significant differences of dependent variables were analysed using a three-way (time × ambient temperature × group) repeated-measures ANOVA and Bonferroni adjustments were used for post hoc analysis. P<0.05 was considered statistically significant.
RESULTS
Heart rate increased during exercise ( groups. Heart rate significantly changed in both groups over time (P<0.05, Figure 2 ) during exercise and recovery as compared to rest. During recovery from exercise in the cold, heart rate remained elevated 120 min after exercise in both groups.
Blood lactate concentration significantly changed in both groups over time (time main effect, F=22.801, P<0.001) during exercise and recovery as compared to rest. Blood lactate concentration in the non-acclimatized group tended to be higher in the cold than the thermoneutral conditions. In the acclimatized group, lactate tended to be lower in the cold than the thermoneutral conditions, but these differences did not reach statistical significance ( Figure 3 ). Blood lactate concentration had returned to resting values after 30 min of recovery in both groups.
Tympanic temperature was significantly lower in the cold than the thermoneutral conditions (temperature main effect, F=20.710, P<0.001) in both groups. Tympanic temperature changed significantly in both groups over time (time main effect, F=12.312, P<0.001). There was a significant time × temperature effect (F=10.604, P<0.001) for tympanic temperature. Tympanic temperature was significantly lower compared to rest in both groups at the end of resting cold exposure, and also at the end of exercise in cold conditions. In contrast, tympanic temperature was significantly higher compared to rest after exercise in thermoneutral conditions ( Figure 4 ).
Based on the haematocrit values, plasma volume changed in both groups over time during the recovery phase after submaximal exercise.
Haematocrit values significantly changed in both groups over time (time main effect, F=25.068, P<0.001). Although there were no statistically significant differences of main effects between temperature conditions or groups, haematocrit values of the non-acclimatized group had not returned to resting values after 120 min of recovery in post hoc tests (Table 2) .
Plasma cortisol concentration changed in both groups over time during the recovery phase after submaximal exercise (time main effect, F=7.304, P<0.001). However, there were no significant differences between conditions or groups. Plasma cortisol concentration in the acclimatized group tended to be lower during the recovery phase after exercise in the cold than the thermoneutral conditions,
FIG. 2. COMPARISON OF HEART RATE DURING SUBMAXIMAL EXERCISE BETWEEN COLD AND THERMONEUTRAL CONDITIONS IN COLD-ACCLIMATIZED AND NON-ACCLIMATIZED GROUPS
Note: * P <0.05 compared to rest (0 min), Significant main effect by 3-way ANOVA : Temperature (P =0.038), Time (P <0.001), Significant interaction time × temperature (P <0.001), time × group × temperature (P <0.001)
FIG. 3. COMPARISON OF BLOOD LACTATE CONCENTRATION DURING SUBMAXIMAL EXERCISE BETWEEN COLD AND THERMONEUTRAL CONDITIONS IN COLD-ACCLIMATIZED AND NON-ACCLIMATIZED GROUPS
Note: * P <0.05 compared to rest (0 min), Significant main effect by 3-way ANOVA: Time (P <0.001)
while that of the non-acclimatized group did not decrease after exercise in cold exposure or during the recovery time (Table 2) . Plasma cortisol concentration significantly decreased as compared to rest after 60 min exposure to cold or thermoneutral conditions before exercise in both groups and temperature conditions.
During the recovery phase after submaximal exercise, there was an increase in the numbers of total leukocytes (Table 3) , neutrophils, lymphocytes, and monocytes (all time main effects, P<0.001).
The number of neutrophils in the acclimatized group was significantly (P<0.05) higher before exercise and immediately after submaximal exercise in the cold than the thermoneutral conditions, while the non-acclimatized group showed no significant difference between cold and thermoneutral conditions ( Figure 5 ). Lymphocyte counts in the non-acclimatized group were higher immediately after submaximal exercise in the cold than in thermoneutral conditions. Conversely, in the acclimatized group, they were lower after exercise in the cold than in thermoneutral conditions. The concentration of lymphocytes in the acclimatized group was significantly (P<0.05) lower at 30 min of recovery in the cold than the thermoneutral conditions, while in the non-acclimatized group lymphocytes tended to be higher in the cold than the thermoneutral conditions ( Figure 6 ).
Monocytes did not show a significant difference between conditions or groups.
Plasma calprotectin concentration changed in both groups over time during the recovery phase after submaximal exercise (time main calprotectin levels increased in the cold, whereas levels decreased in thermoneutral conditions (Table 2) . Calprotectin tended to be higher in the non-acclimatized group during the recovery phase after exercise in the cold than the thermoneutral conditions, but the acclimatized group showed no difference. During the recovery phase after submaximal exercise, there was an increase in the ratio of calprotectin to neutrophils in both groups, and the acclimatized group had a significantly higher ratio (P<0.05) immediately after submaximal exercise as compared to rest in thermoneutral conditions.
The non-acclimatized group tended to have a greater increase than the acclimatized group with no statistical difference ( Figure 7 ).
CD3+ cells significantly decreased in both groups over time (time main effect, F=11.748, P<0.001) during recovery after submaximal exercise as compared to rest ( Table 3 ). The cell number of the acclimatized group was significantly lower after 60 min of recovery than rest in both conditions. Physiological and leukocyte subset responses to exercise and cold exposure in cold-acclimatized skaters statistical difference ( Figure 9 ). CD16+ cells in the acclimatized group were significantly lower after 30 min of the recovery phase than rest in both conditions.
CD19+ cells significantly changed in both groups

DISCUSSION
Cold exposure has an additive effect on physiological responses to exercise. In the present study, heart rate was lower in the cold than in thermoneutral conditions during submaximal exercise for both groups. This response was likely due to the parasympathetic activation of the baroreflex receptor, and a blunted epinephrine response which serves to prevent an increase in core temperature during exercise in cold conditions [27] . Defending core temperature against cold exposure to limit heat loss is mediated by peripheral vasoconstriction. Peripheral vasoconstriction redistributes blood to the core, causing increased stroke volumes and a slightly decreased heart rate [25] . However, in the present study heart rate during exercise was similar between the two groups, which suggests that acclimatization did not influence the catecholamine response to exercise. duces convective heat transfer from the body's core to skin during cold exposure. Consequently, heat loss is reduced and core temperature is maintained, but skin temperature decreases, thereby reducing the thermal gradient between the skin and the environment.
FIG. 6. COMPARISON OF LYMPHOCYTE CONCENTRATION AFTER SUBMAXIMAL EXERCISE BETWEEN COLD AND THERMONEUTRAL CONDITIONS IN COLD-ACCLIMATIZED AND NON-ACCLIMATIZED GROUPS
This may explain why tympanic temperature was significantly lower in the cold than the thermoneutral conditions in this study.
Interestingly, although the differences in blood lactate concentration did not reach statistical significance, lactate tended to be higher in the non-acclimatized group in cold versus thermoneutral conditions. Conversely, in the acclimatized group, lactate tended to be lower in cold versus thermoneutral conditions. The higher blood lactate concentration during exercise in the cold is a result of lower aerobic metabolism and reduced clearance of lactate as compared to thermoneutral conditions [34] . The lower blood lactate concentration in the acclimatized group in the cold versus thermoneutral conditions may be due to adaptive responses to cold conditions. Such responses may involve activation of the sympatho-adrenal system and greater lipid metabolism during exercise in cold as compared to thermoneutral conditions [38] .
Increases in concentrations of total leukocytes, neutrophils, lymphocytes and monocytes during the recovery phase after submaximal exercise represent a mild and transient immune perturbation, which is considered to be beneficial to immunosurveillance [9, 24] . The sustained elevation of total leukocytes and neutrophils after 120 min of recovery may be related to elevated cortisol levels in cold and thermoneutral conditions. Cold is known to affect leukocyte mobilization [16, 4] and can suppress lymphocyte functional activities [1, 10] .
However, contrary to our expectations, there were no significant differences in total leukocytes and subsets between temperature conditions or groups. Others have reported that the concentration of leukocytes and monocytes at rest was significantly higher in cold-acclimatized swimmers versus non-acclimatized swimmers [12] . These findings suggest that acute cold exposure does not necessarily suppress immune function, and chronic adaptation to cold conditions may not modify changes in immune function following exercise in the cold.
Castellani et al. [5] reviewed the literature and concluded that cold-air exposure increased leukocyte and granulocyte counts regardless of whether the subjects exercised or had an elevated core temperature before cold exposure, while changes in lymphocyte, monocyte and NK cell count changes were more variable. In the present study, submaximal exercise stimulated changes in total leukocytes and lymphocyte subsets during the recovery phase. The increase in total leukocytes during recovery was primarily due to an increase in neutrophils. A more pronounced increase in neutrophils, but not in lymphocytes, was found after exercise in this study. These results showed a similar tendency to previous studies [19, 22] . The other previous works explained that increased neutrophils after endurance exercise are due to the disruption of skeletal muscle [37] . Alternatively, the attenuated response of neutrophils to repeated sessions of endurance exercise can be an adaptive mechanism for preventing pathophysiological reactions [36] . However, the higher neutrophil count in the acclimatized group in cold conditions may indicate the effect of cold exposure itself, and it is possible that neutrophils are mobilized in response to exercise as well as cold stress.
Calprotectin is an inflammatory mediator released by neutrophils [41] . Plasma calprotectin concentration and the ratio of calprotectin to neutrophils increased after submaximal exercise, indicating increased neutrophil activity after exercise. As calprotectin increased after 60 min exposure to cold conditions before exercise, this finding suggests that calprotectin is also released in response to cold stress itself. Calprotectin increased to a greater extent in the non-acclimatized group compared to the acclimatized group. Therefore, unaccustomed exercise in cold conditions may stimulate an acute inflammatory response. However, this concept is not supported, as there was a lack of any significant difference between the two groups in the ratio of calprotectin to neutrophils immediately after submaximal exercise ( Figure 7 ).
Monocytes are deployed rapidly from the marginal pool into the circulation during the first minutes of strenuous exercise, but their numbers quickly decrease upon cessation of activity [3] . Additionally, prolonged cold exposure substantially magnified the extent of monocytosis, and such cold-enhanced recruitment of monocytes is presumably mediated by pronounced sympathetic nervous system (SNS) activation accompanying prolonged cold stress [29] .
However, monocyte concentration remained elevated at 120 min of the recovery phase without a difference in these responses between different conditions or groups in our results. The concentration of lymphocytes in the acclimatized group tended to be lower immediately after submaximal exercise in the cold than the thermoneutral conditions. In contrast, although the difference did not reach statistical significance, lymphocyte counts in the non-acclimatized group tended to be higher in the cold than the thermoneutral conditions. The greater lymphocyte response in the non-acclimatized group after exercise in cold conditions may be associated with acute phase responses of the immune system due to lack of adaptation to cold conditions. Exercising in cold water attenuated the leukocytosis observed after exercise in hot water [8] , and the reduced cortisol response following exercise in cold water might be favourable for immune function and host defence [14] .
Cold exposure causes plasma norepinephrine concentrations (a marker of SNS activity) to increase [6, 7] . Also, the SNS mediates and modulates immune function [31] and thus cold exposure can indirectly affect immune system responses through activation of the SNS. The rise in circulating leukocytes during cold exposure may be attributed to a norepinephrine-mediated demargination of white blood cells [31] . Although the effects of cold exposure on plasma cortisol concentrations are equivocal [13, 40] , plasma cortisol can modulate the immune system [31] , and the cortisol response pattern to exercise has been considered to be predictive of an individual's adaptation to specific forms of stress [18] . In this study, plasma cortisol concentration decreased after 60 min of rest, but increased following exercise, and then fell after 1 hour into the recovery phase. The results of the present study indicate that lymphocytes and plasma cortisol concentration increase transiently after exercise independent of cold acclimatization. Interestingly, in contrast with the acclimatized group, lymphocyte counts were higher in the non-acclimatized group after exercise in the cold than in thermoneutral conditions, and did not decrease after exercise in cold exposure even during recovery. Therefore, we suggest that acclimatization to exercise in the cold may influence exercise-induced changes of lymphocytes and cortisol concentration.
The increase in total lymphocytes immediately after exercise was primarily due to elevated NK (CD16+) cells, together with an increase in activated T lymphocytes (CD69+). The mild and transient increase of NK cells and activated T lymphocytes after submaximal exercise could be described as a beneficial response to immune perturbation [18] . Shepherd and Shek [33] suggested that severe chilling acutely suppresses several cellular and humoral components of the immune response, including a reduction in NK cell count. However, we did not find evidence for the impairment of immunosurveillance in response to cold stress during exercise. Although we found a decrease in CD16+ cells during recovery, it is difficult to conclude that immunosurveillance was in fact impaired. Brenner et al. [4] suggested that heart rate, rectal temperature, and plasma stress hormones may mediate the changes in total leukocytes, granulocytes, monocytes, and several lymphocyte subsets. In addition, they suggested that the modest rise in circulating leukocyte and neutrophil numbers during cold exposure may be attributed to a norepinephrinemediated mobilization of demarginated cells, and reported increased NK cell activity during cold exposure after exercise. Furthermore, NK cell activity showed the greatest change after exercise in 18°C water.
Contrary to our expectations, we did not find prominent differences in responses of lymphocyte subsets between conditions or groups after exercise. The results of the present study also indicate that lymphocyte subsets increase transiently after exercise independent of cold acclimatization. McFarlin and Mitchell [23] reported similar changes of NK cell activity and leukocytosis through a similar design to our study. Increased mobilization of total lymphocytes, NK cells, and activated T lymphocytes into the circulation immediately after exercise is associated with an increased plasma cortisol response.
This relationship demonstrates that there is a carryover effect on these immune cells with stress hormones after submaximal exercise [30] .
CONCLUSIONS
In summary, both acclimatized and non-acclimatized groups exhibited lower heart rates in the cold than the thermoneutral conditions during submaximal exercise. An increase in the numbers of total leukocytes, neutrophils, lymphocytes and monocytes during recovery after submaximal exercise is a mild and transient immune perturbation. The increase in total leukocytes during recovery was primarily due to an increase in neutrophils. Lymphocytes, lymphocyte subsets, and plasma cortisol concentration increase transiently after exercise independent of cold acclimatization. However, the acclimatized group activated neutrophils after exercise in cold exposure, whereas the non-acclimatized group activated lymphocytes and cortisol after exercise in cold exposure.
Acclimatization to exercise in the cold does not appear to influence exercise-induced immune changes in cold conditions, with the possible exception of neutrophils, lymphocytes and cortisol concentration.
